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The consistent and computationally economical analysis of demanding amplification and filtering structures is introduced in this paper 
via a new spectrally-precise finite-volume time-domain algorithm. Combining a family of spatial derivative approximators with controlla-
ble accuracy in general curvilinear coordinates, the proposed method employs a fully conservative field flux formulation to derive elec-
tromagnetic quantities in areas with fine structural details. Moreover, the resulting 3-D operators assign the appropriate weight to each 
spatial stencil at arbitrary media interfaces, while for periodic components the domain is systematically divided to a number of non-
overlapping subdomains. Numerical results from various real-world configurations verify our technique and reveal its universality. 
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I. INTRODUCTION 
HE development of precise time-domain algorithms for 
intricate electromagnetic compatibility (EMC) devices is 
still an open topic of the relevant scientific research. Amid 
several applications, amplification components and reconfigur-
able filters are deemed crucial in the fabrication of modern mi-
crowave systems [1]-[4]. Considering that the majority of these 
structures must be redesigned to comply with the constantly 
evolving standards, it becomes apparent that the use of consis-
tent models can be a powerful means to decrease high produc-
tion costs. Nonetheless, such a procedure is usually rather com-
plicated, since most of the contemporary systems have fine 
geometries that require excessive computational resources for 
their simulation. To this end, different methods – opting for 
inherent-error enhancements – have been hitherto formulated 
[5]-[7]. Also, from a practical perspective, a method which can 
provide a viable solution for problems involving certain ar-
rangements, like triode amplifiers, has been discussed in [8]. 
Based on the above issues, it is the purpose of this paper to 
present a 3-D finite-volume time-domain (FVTD) method 
with an improved spectral resolution for the accurate modeling 
of complex EMC devices. Two typical categories are the am-
plification triodes and the microstrip filters that incorporate 
electromagnetic bandgaps (EBGs) or networks of metamateri-
al resonator-wire substrates in periodic uniform or non-uniform 
patterns. The novel technique launches derivative approxima-
tors of adjustable order according to a conservation-law con-
cept, which expresses the unknown quantities as components 
of one solution vector. Furthermore, arbitrary media interfaces 
can be efficiently manipulated, unlike existing approaches, by 
weighting all neighboring spatial stencils with specific coeffi-
cients. Concerning periodicity, the proposed scheme separates 
the computational space in a number of non-overlapping sub-
domains, where the grids retain the traditional Yee-like electric 
and magnetic field duality. In particular, for problems with axial 
symmetry, these subdomains are formed by consecutive cylin-   
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Fig.  1. (a) Geometry of a typical triode. (b) Fabricated prototypes of three 
uniform/non-uniform cross EBG-loaded reconfigurable filters. 
 
drical surfaces along the main radial direction, while for planar 
symmetries, they usually include one unit cell. For our algo-
rithm to be reliably certified, numerical data are selectively 
compared with measurements from fabricated prototypes. Re-
sults prove the stability and high precision of the method, even 
for hard-to-model real-world setups and large simulation times. 
II. SPECTRALLY-ADJUSTABLE FVTD SCHEMES 
The proposed methodology introduces a curvilinear dual-cell 
mesh with higher-order derivative approximations of controlla-
ble spectral accuracy. Moreover, it employs a stable integration 
like that of the finite-difference time-domain (FDTD) concept. 
Incorporating the basic FVTD concept [9], [10], the novel algo-
rithm involves cells with the four corners of their faces not nec-
essarily lying on the same plane. To this goal, it is important to 
carefully determine all edges and faces in the resulting primary 
and dual grid. Hence, the suitable unit vector direction cosines 
are utilized to transform Maxwell’s equations in the form of 
   st 
    
E H E J      and     
t
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which can be deemed equivalent to the main conservation-law 
formulation. In (1) and assuming a general coordinate system 
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(u,v,w) at a homogeneous, isotropic, and lossy medium, E and 
H represent the electric and magnetic field intensity, respec-
tively, while Js is the source vector of all external excitations. 
Moreover, the parametric operator [.] is denoted as 
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in which F = [E, H]T with the second term launching the new 
Lth-order approximation forms that correct existing stencils 
around dissimilar media interfaces or slight geometric details, 
leading to optimal discretizations. Parameters qη with η(u,v,w) 
guarantee the stability of the schemes, mitigate potential late-
time exponential oscillations [11], and are determined by 
 1(2 1)( ) 0.5 ( )L Lq L L        , (3) 
where Δη(Δu,Δv,Δw) is the proper spatial increment. To this 
end, spatial derivatives in (2) are computed via enhanced opera-
tors, whose spectral resolution is of order L. Thus, we define  
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Also, spatial form Mη,P[.] enables the fine adjustment of spec-
tral accuracy via diverse stencils and smoothness summation 
limit P. Specifically, considering the g(u,v,w) system metrics, 
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Structural parameters Λl and Νl,p increase the consistency of 
the algorithm at complex geometric details or material discon-
tinuities, like in the realistic EMC devices of Fig. 1. They are 
promptly determined through the subsequent expressions 
 /2 2sinh 1 ( / 2)LlΛ e l      ,   
2
, ( 2 1)l p
PN l p    , (6) 
which provide rapid interface extrapolations with all possible 
topologies. Having described the primary ideas of spatial deriv-
ative calculation, Maxwell’s equations can be written as  
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b = diag{εΙ, μΙ}, and I the identity matrix. If the computation-
al domain Ω is divided into a preselected number of cells Ωi 
with a boundary of ∂Ωi, then (7) can be successfully integrated 
over each Ωi and, after some calculus, yields  
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Vi the volume of Ωi, and n0 the outward unit vector perpendi-
cular to surface ∂Ωi. Notice that quantity Ξ[n0]F is actually the 
flux through surface ∂Ωi. To exploit all fluxes through the cell 
faces, the concept of the cell average [10], [12] – i.e. the avera- 
 
 
Fig. 2. (a) Normalized phase velocity error and (b) maximum L2 error norm 
for the proposed and various higher-order time-domain realizations. 
 
ge of F located at the barycenter of every cell – is denoted as 
 1 ( )
i
i i V
F V dV  F r ,  (9) 
where r is the position vector. For the required flux splitting, 
matrix Τ[n0] = b-1Ξ[n0] (decomposable to a sum of matrices 
with positive and negative eigenvalues) is also utilized. So, 
and bearing in mind that the eigenvalues of Τ[n0] are given by 
diag{0,0,υ,υ,-υ,-υ} for υ = (με)-1/2 and = [n0], one gets 
   2 1 2 10 1 2 1 21 12 2
   
   
 
 
            
T n
   
    . (10) 
The surface integral on the left-hand section of (7) can be com-
puted if flux Τ[n0]F is already known on all faces of boundary 
∂Ωi. For this aim, two subvectors of F are considered; one on 
the internal and the other on the external side of each face. Both 
quantities are acquired by an interpolation procedure centered 
on the respective face side. Plugging (8)-(10) into (7), we derive 
 t  F F YZ , (11) 
for Ζ a bloc-diagonal matrix with all media properties and Y a 
term with the source contributions of every cell. Note that Z is 
inverted only once at the beginning of the simulation. To com-
plete the proposed FVTD method, time derivatives in (11) are 
precisely evaluated by the leapfrog predictor-corrector scheme  
    1/2 0.5n n nt   F F AF   and  1 1/20.5n n nt   F F AF , (12) 
in which A is the conventional update matrix for vector F. 
III. DOMAIN DECOMPOSITION AND STABILITY ANALYSIS 
A significant aspect in the analysis of structures with symme-
tries/periodicities is the separation of the basic domain into 
smaller regions, where a numerical scheme can be more easily 
and economically applied [13]. Herein, to avoid unnecessary 
discretizations of identical areas, a 3-D domain decomposition 
algorithm is developed. Our space is divided into K non-over-
lapping subdomains. Specifically, for axially symmetric prob-
lems, these subdomains occupy the intermediate region between 
successive cylindrical surfaces toward the radial direction, while 
for planar symmetries/periodicities, they include one unit cell. 
Hence, when two subdomains (i = 1,2) are considered, at their 
interface E1 and H2 (dually E2 and H1) vectors are related by    
 11 ,1 1 0 2 2ˆ ˆr t     n E n H ,        (13)  
 12 ,2 2 0 1 1ˆ ˆr t    n H n E .        (14)  
Moreover, for the artificial boundary oscillations, an equiva-
lent surface current is employed, i.e. 
 1, ,1ˆs i i r i  J n E        for   1,2i  ,       (15)  
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Fig. 3. Simulated plate current curves versus plate potential of the triode for 
three different values of grid voltages (continuous and dashed lines: VFEM; 
circles and squares: proposed FVTD method for several L orders). 
 
and ni outward normal unit vectors. The proposed methodology 
together with (13)-(15) is proven stable for all types of numeri-
cal simulations. Actually, von Neumann’s analysis shows that  
 
1/2
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         (16) 
with the summations denoting a consecutive cyclic permutation 
of (u,v,w). Notice the less strict character of (16) than the FDTD 
Courant condition, due to the dependence on order L. This im-
plies that time-steps can be chosen quite larger, without arising 
any oscillatory exponential modes. Alternatively, stability can 
be certified via the energy inequality method [14], which gives 
 1 1
0
( ) ( ) nn nt t a 
 
 F F F , (17) 
where a is a growth factor. Inequality (17) guarantees that F(t) 
does not augment above a certain limit, namely the system’s 
energy is conserved. Also, the dispersion relation of the en-
hanced method is greatly improved owing to the parameterized 
adjustment of its spectral resolution and the bloc-diagonal ma-
trix Z, as compared to the usual GFDTD one. So, we conclude to 
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t t
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which, as clearly observed from Fig. 2, is found to overwhelm 
both second- and higher-order FDTD schemes. 
IV. NUMERICAL RESULTS 
The proposed technique is validated via different real-world 
EMC structures. Focusing on reconfigurability, we exploit the 
merits of Lth-order operator (2) to select optimal stencils near 
acute angles or geometric oddities. The first application is the 
typical triode of Fig. 1a. Its dimensions are: a = 5.6 cm, b = 2 
cm, c = 1.8 cm, d = 1 cm, e = 0.8 cm, g = 0.6 cm, h = 0.2 cm, 
and m = 4.4 cm, while for open-boundary termination a 6-cell 
thick PML is employed. In our simulations, L = 3, 4 or 5 which 
lead to the very coarse 422640 lattice. Figure 3 gives the tri-
ode plate current versus plate potential for various triode grid 
voltages (GV). As detected, our algorithm is very accurate 
compared to the reference results of a second-order vector finite 
element method (VFEM), which however needs a mesh of 
8.25×105 degrees of freedom. In fact, the overhead of the new 
method is around 700 MB of RAM, while the VFEM one is 
65% larger, i.e. 1.2 GB of RAM. Moreover, due to its explicit 
profile the enhanced FVTD method is almost 5.2 faster than the 
 
 
Fig. 4. (a) Top view of a composite circular SRR-wire metamaterial unit cell 
and (b) a reconfigurable 2-port coaxial waveguide with movable actuators and 
a periodically-loaded metamaterial slab. 
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Fig. 5. Normalized magnitude and phase (in degrees) of several S-parameters for 
a 10×10 metamaterial based on the unit cell of Fig. 4a (blue straight line: FDTD 
method with 34234236 cells; cyan dotted line: VFEM with 6×105 degrees of 
freedom; black dashed line: proposed FVTD method with 484810 cells). 
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Fig. 6. Snapshots of the Poynting vector at (a) 4.5 GHz and (b) 5.93 GHz. 
 
other setups on a 3.2 GHz dual-processor IntelTM Xeon system.  
The second example examines a 10×10 periodical metama-
terial, whose unit cell is shown in Fig. 4a. The dimensions of 
the 3-D cell, comprising a circular split-ring resonator (SRR) 
above a thin wire at a distance of 1.875 mm, are: a = 15 mm, ro 
= 6 mm, ri = 4.8 mm, d = 0.1 mm, and a circular cross-section 
of 0.02 mm. Figure 5 compares the magnitude and phase of 
three S-parameters, as computed via the FDTD technique, the 
VFEM, and the new formulation (L =4) with a much coarser 
grid. Note the lack of the FDTD approach to follow the promis-
ing agreement of the other two schemes, especially at high fre-
quencies. Moreover, Fig. 6 proves that our method can produce 
very smooth Poynting vector snapshots, both at the full propa-
gation (Fig. 6a) or the nearly no propagation (Fig. 6b) case. 
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Fig. 7. (a) Magnitude of S12-parameter versus the number of actuators in the 
reconfigurable 2-port waveguide and (b) normalized phase velocity. 
 
TABLE I 
FIRST RESONANCE OF THE WAVEGUIDE FOR THREE SETS OF ACTUATORS 
 
Ref. [12] 
(GHz) Method 
Comp. 
(GHz) 
Error 
(%) 
CPU 
Time 
Maximum 
Dispersion 
4 Actuators  
10.156 
FDTD 10.873 7.06  10.2 h 2.05892×10-1 
Proposed  10.155 0.01  1.4 h 1.98591×10-11 
6 Actuators  
12.408 
FDTD 11.249 9.34  13.8 h 3.89792 
Proposed 12.411 0.03 1.7 h 2.67362×10-10 
10 Actuators  
15.753 
FDTD 17.774 12.83 15.6 h 7.11032 
Proposed 15.742 0.07 2.2 h 5.20265×10-10 
 
 
 
Fig. 8. Snapshots of surface current distribution and magnitude of S21 simulated 
and measured results for a uniform cross/gap EBG-loaded microwave filter. 
 
Next, we proceed to the reconfigurable 2-port waveguide of 
Fig. 4b, which involves a movable set of actuators (for selective 
mode propagation), placed on a slab composed of the previous 
metamaterial. The variation of the S12-parameter and the first 
resonance of the structure regarding the number of actuators, are 
presented in Fig. 7a and Table I. Evidently, the proposed tech-
nique is considerably more accurate and cost-effective in overall 
CPU time overhead, attaining also notably low dispersion errors 
and consistent phase velocities, as observed in Fig. 7b. 
Finally, our analysis studies the uniform and non-uniform 
cross/gap EBG microwave filters of Fig. 1b. The main element 
of these devices is a 2.8 mm-wide microstrip line loaded with 
two cross EBG unit cells which render the structure reconfigur-
able in terms of its frequency bands. The height of the unit cell 
is 15.24 mm, the thickness of the εr = 4.5 substrate is 1.5 mm, 
the filter’s length is 13.716 cm and its width 6.456 cm. For the 
uniform structure, L = 3 and the lattice has 684416 cells, un-
like the 615354126 FDTD grid. The results of Fig. 8, com-
pared to measurements from our fabricated prototype, indicate 
the accuracy of our technique. In contrast, the non-uniform case 
is designed via a Chebyshev window. The length of the device 
is divided into equal intervals and after computing the value of 
the Chebyshev function, only the n higher terms (n is the EBG 
unit cell number on one side of the filter) is selected. The S21- 
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Fig. 9. Magnitude of the S21-parameter for a non-uniform cross EBG-loaded (n 
= 4) microwave filter. 
 
parameter of this complex device, shown in Fig. 9, certifies, 
again, the merits of the advanced FVTD algorithm for L = 4. 
V. CONCLUSIONS 
A 3-D FVTD method with a controllable spectral accuracy 
for the reliable study of complicated amplification and reconfi-
gurable devices has been presented in this paper. The new tech-
nique introduces a set of general spatial approximators, so lead-
ing to optimal stencils. For its elaborate validation, the algo-
rithm has been successfully applied to several realistic setups.     
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